air would show a linear dependence vs. the hydrogen partial pressure with a slope equal to the oxygen reduction Tafel-like slope.
Introduction
Recently, much attention has been given to scaling down the thickness of gate oxides 1' 7 because of the potential application for the next generation of high performance transistors and integrated circuits. 8 ' As the thickness of the oxide is reduced, both the current drive capability and the transconductance of metal oxide semiconductor field-effect transistors (MOSFETs) increases. A MOS-FET fabricated with a 15 A direct-tunneling oxide has demonstrated excellent performance with a current drive more than 1.0 mA/l±m and a transconductance of over 1000 mS/mm. 8 The high current at a low bias voltage can ensure that transistors and circuit operate at or below 1 V, which is desirable for wireless communications.
Further, hot-carrier reliability is shown to improve as the thickness of the oxide is reduced, because of the reduced probability of impact ionization and improved charges detrapping in the ultrathin gate oxide. 811 However, the key issue in achieving good device performance made by the ultrathin gate oxide is the thickness uniformity and the interface smoothness. Large gate leakage currents can occur at local thickness variations in the oxide and a smooth interface is essential for higher carrier mobilities. 12 The reliability of the gate oxide also decreases with local thickness variation, where a high electric field and leakage current accelerate oxide breakdown. Unfortunately, it is difficult to achieve this goal; a native oxide formed by water absorption usually roughens the initial surface. Recently, a closed wet cleaning (CWC) under ultradry nitrogen (N 2 ) environment was proposed to achieve this goal, and the reliability of the oxide was shown to be improved significantly. 13 The higher reliability is due to the H-termia Also with Department of Electrical Engineering, Chung Hua Polytechnic Institute, Hsinchu, Taiwan. nated Si surface without native oxide growth. The H-terminated Si surface is effective at reducing the tunneling current of the ultrathin oxide. 3 We report here the design of a low-pressure oxidation system to desorb the native oxide in situ before thermal oxidation. A leakproof system design and high flow rate of hydrogen (H 2 ) are used to maintain the low level of moisture and oxygen inside the reactor and to avoid further oxidation before desorbing the native oxide. Studies by high-resolution transmission electron microscopy (TEM) show that an atomically smooth interface between oxide and Si can be obtained for oxide thicknesses of 11 to 38 A.
Experimental
The low-pressure oxidation system is similar to a conventional oxidation furnace but with a leakproof system design. A simple rotary pump is used, and an oil trap is installed to ensure no oil contamination during desorption of the native oxide. A minimum pressure of -10 mTorr was obtained with the rotary pumped, lowpressure oxidation furnace. The combination of a leakproof reactor and a high flow rate of H 2 purge has been used to minimize further oxidation of the Si, whereas a rough interface may result from the initial microroughness between the native oxide and the Si substrate. A similar leakproof technique has been used in low-pressure chemical vapor deposition (LPCVD) to grow high quality Si epitaxy at 5500C.4 A 4 in. p-type [100] Si wafer was used for the oxidation study. The cleaning procedure consisted of a 1:4 H 2 SO 4 /H 2 0 2 etching, a modified RCA cleaning, and dipping in a 0.5% HF solution. A 5% NH 4 OH was used in the modified RCA to achieve a smooth surface before oxidation. 15 The dilute HF solution removed the oxide and produced a H-terminated, smooth sur- face.1617 The furnace was maintained at 300°C during wafer loading with a flow rate of 5 liter/mm N2 to minimize the moisture and oxygen content in the furnace. The desorption of hydrogen is negligible at this temperature,8 while incorporation of moisture and oxygen from air into the furnace was reduced. After water loading, the system was evacuated to its minimum pressure, and a constant purge of pure H2 6 liter/mm was used to reduce the moisture and oxygen in the chamber. The furnace temperature was ramped to between 950 and 1000°C, at a rate of 10°C/mm, where the native oxide was desorbed. The time for native oxide desorption was 30 mm under the H2 environment. Samples without desorption of the native oxide by directly ramping to the desired growth temperature were studied for comparison. Growth of oxynitride by N20 at temperatures varying from 900 to 1000°C have been investigated. The typical ramp down time from 950°C for native oxide desorption to 900°C for oxidation was 10 mm. During growth, the N20 flow rate was 100 sccm, and the reactor pressure was controlled by a throttle valve to maintain a constant pressure of 4.5 Torr. This low pressure slows the growth rate and improves uniformity.
Further, a slower growth rate is easier to control and thus achieve an ultrathin oxide. The thickness variation across a 4 in. wafer was less than 1 A for a 20 A thick oxide, as measured by an ellipsometer with a refractive index set to 1 .46. After the oxide was grown, the wafer was loaded into the LPCVD reactor to deposit poly-Si. A 2000 A thick poly-Si was grown at 550 or 500°C by silane or disilane, respectively. Cross-sectional TEM, viewed from the [110] cleave plane, was used to investigate the interface roughness between oxide and Si.
Results and Discussion
Figure la and b shows the lattice images of 900°C-grown N20-oxide/Si from conventional oxidation and low-pressure oxidation with a cleaned surface, respectively. For conventional furnace oxidation in Fig. la, microroughness up to two monolayers was observed. The relatively sharp interfaces of the oxide/Si interface may be due to the surface preparation. In contrast, atomically flat N20-oxide/Si interface was observed for the in situ surface cleaned before oxidation (Fig. 1 b) , with an oxide thickness of 38 A. The abrupt interface obtained at a low oxidation temperature of 900°C is important to decreasing the thermal budget; a much higher temperature of 1200°C was reported previously to obtain an interface roughness of 1.7 A. The top interface between poly-Si and oxide cannot be distinguished clearly, which is due to the different cyrstalline orientations between the polygrains and the single crystal substrate. However, because the growth of oxide is due to the consumption of Si, the atomically flat interface indicates the thickness of oxide should be uniform.
The atomically smooth interface of the oxide/Si interface may be due to either the low-pressure growth condition or the internal desorption of the native oxide. To further identify the origin of the smooth interface, we have grown another sample at the same condition but without the high temperature to desorb the native oxide. Figure 2 shows the lattice image of the sample by directly ramping to 900°C under the same low-pressure oxidation. The thickness of N20-oxide was 20 A. The microroughness was improved, as compared to conventional oxidation shown in Fig. la , however the interface was still not as sharp as the one with desorbed native oxide (Fig. ib) . Because the same growth conditions have been used, the degraded interface smoothness should be related to the native oxide desorption. It is reported that nucleation of regrowing oxide, during the short time of air exposure, is attributed to the slightly higher oxygen content in a H-terminated (111) surface,19 that is atomically smoother and chemically more homogeneous than that of (100)20 Furthermore, the higher performance of the oxide grown in the CWC/N2 environment suggests that the H-terminated (100) surface may form a native oxide after air exposure. 13 Therefore, the microroughness of a H-terminated (100) Si surface may originate from native oxide regrowth through weak spots. The formation of native oxide on H-terminated (100) Si was also found in an LPCVD epitaxial growth study with an HF vapor treatment. 21 The reason why low-pressure oxidation can achieve better interface smoothness than that of conventional atmosphere pressure oxidation is due to the leakproof furnace design reducing the further growth of native oxide through the weak spots. The possible reason for a smoother interface, after desorbing the native oxide, may be due to the migration of surface Si atoms. A similar smooth surface was observed after desorption of the native oxide in an ultrahigh-vacuum environment.622
To further demonstrate the thickness control and smoother interface between the oxide and Si for the low-pressure oxidation, we have grown an ultrathin oxide with a thickness of 11 A. As shown in Fig. 3 , an atomically flat interface was obtained at a growth temperature of 900°C. There was only one atomic plane, just beneath the oxide, which was distorted from its original lattice position. This is due to the translation from single crystal Si to amorphous oxide. The equivalent thickness of oxide is equal to 3.5 Si atomic layers, whereas only 2 atomic layers of Si were consumed to form the oxide. This is an indication that an atomic smooth Si surface can be achieved after the desorption of the native oxide.
Conclusion
We have shown that an atomically flat interface of oxide/Si can be obtained for oxide thickness in a range of 11 to 38 A. The success of growing an abrupt interface without local microroughness is due to the combination of good surface cleaning, H-passivated surface, leakproof system design, and desorption of the native oxide. The concept of desorption of the native oxide at low-pressure and leakproof oxidation environment can be applied to rapid thermal oxidation where a lower thermal budget is used. 20A Fig. 3 . Cross-sectional TEM image of ii A N20-oxide grown on Si at 900°C. An atomically flat interface is obtained, and only one atomic plane, just beneath the oxide, is distorted from its original lattice side.
